M
icroarray-based assays are commonplace for high-throughput interaction screening for numerous types of biomolecules like proteins, nucleotides, and carbohydrates.
1À6 Spotting thousands of different probes on a surface enables high-throughput experiments where a multitude of different parameters can be evaluated simultaneously. However, array-format assays for evaluating how molecules bind to their native membrane targets, such as transmembrane proteins and lipidÀprotein complexes in rafts, are challenging. Membrane-bound proteins can be removed from their native membranes, reconstituted into proteoliposomes and immobilized on solid substrates, but this is not ideal from a biosensing standpoint. Transmembrane proteins can denature when removed from their natural membrane environment and interact with solid substrates when embedded in solid supported lipid bilayers causing denaturation. 7 Therefore they are problematic in a conventional microarray format where probe molecules are immobilized directly on a surface. Nearly half of the top selling pharmaceuticals have membrane-bound receptors as targets, therefore new techniques for evaluating these interactions, such as advanced optical biosensing, are crucial. 8, 9 Also, some potential therapeutic molecules, like monoclonal IgM antibodies may bind to native lipidÀprotein complexes making standard array assays difficult. 10 Formation of arrays of unmodified natural membranes by simple methods could enable new studies that are difficult to carry out with traditional methods.
To facilitate microarray studies with membrane-bound receptors, many strategies are used to form membrane arrays, both in the form of immobilized vesicle arrays and supported lipid bilayers arrays. 11 Many of these approaches require chemical modification of the substrate and lipid membranes to selectively immobilize vesicles in defined arrays. For example, preferential adsorption of attractive and repulsive surface modifiers has been used to direct vesicles to nanometric holes. 12À14 Microcontact printing was used by Vogel and co-workers to immobilize single intact vesicles separated by less than 1 μm with a total density of 10 6 vesicles per mm 2 . 15 Other groups have stamped polyethylene glycol (PEG) on to the top surface of microwell arrays, leaving the interior of the wells PEGfree. The PEGylated surfaces are resistant to vesicle adsorption, but the hole interiors, after functionalization with neutravidin, have high affinity for biotinylated vesicles. 16 Another strategy to form vesicle arrays uses hybridization between DNA-conjugated vesicles and immobilized complementary strands. 17À19 Other groups used standard pin-based microarray printing techniques 20 or patterned self-assembled monolayers 21 to define membrane arrays with embedded G-protein coupled receptors. Also, various methods were demonstrated to form supported monolayer 22, 23 or bilayer arrays.
24À29
A facile, broadly applicable method for forming biomembrane arrays requiring no surface modification, no recognition elements or modification of the lipids, and amenable to naturally derived membranes would facilitate array-based screening for many types of membrane receptorÀligand interactions. In the present study we describe a simple method that can be used to form high-density vesicle and natural membrane arrays. An advantage of this method is that it requires no chemical modification of the substrate beyond microfabrication. Furthermore, there is no need to modify the vesicle membranes to direct assembly, unlike other methods which require incorporation of biotinylated, PEGylated, or DNA-conjugated lipids. This provides a great advantage as it facilitates assembly of unmodified natural membrane arrays, as we demonstrate by forming single and multicomponent microarrays of myelin and lipid rafts extracted from cortical neurons. These arrays are used for detecting the presence of membrane-bound receptors in natural membranes. Finally, nanoscale myelin arrays in gold films are used for surface plasmon resonance (SPR) sensing of antibody binding to cellspecific surface antigens. The simplicity of this approach makes it applicable to a large variety of medical and therapeutic molecules and their membrane-bound targets of action.
RESULTS AND DISCUSSION
Assembly of Phospholipid Vesicle Arrays. The assembly process is similar to first step of Gravure-type printing, which has been used for assembly of solid nanomaterials into defined patterns. 30, 31 Figure 1 panels aÀd show a schematic of the assembly process and a scanning electron microscope (SEM) image of a microwell cross section, while Figure 1e shows a SEM image of a hexagonal microwell array substrate with 1 μm well diameter and depth and 3 μm periodicity. Figure 1f shows a 4-in. silicon wafer with 157 microwell arrays. The silicon microwell arrays are coated with 10 nm thick Al 2 O 3 to facilitate vesicle adhesion but prevent vesicle rupture. The Al 2 O 3 overlayer conforms to the contours of the microwell array, similar to conformal deposition of Al 2 O 3 on plasmonic nanopores shown in our previous work. 32 The starting materials for the simplest arrays are fluorescently labeled phospholipid vesicles. Vesicle solutions were placed on the substrates and allowed to settle, then washed with buffer and immersed in a buffer bath. (Figure 1b ) To clean vesicles from the top of the microwell array the PDMS squeegee was placed in firm contact with the substrate in the buffer bath and translated by hand across the substrate surface at least 10 times. (Figure 1c ) After the vesicles adsorb to the surface they are uniformly distributed over the array (Figure 2a ). After carrying out at least 10 passes with the squeegee, the top surface of the array is cleared but the vesicles remain in the microwells. A fluorescence image of a microarray with 1 μm well diameter and 3 μm periodicity resulting from assembly of fluorescent egg phosphatidylcholine (egg PC) vesicles is shown in Figure 2b . Nearly all of the holes are filled with vesicles, and the interstitial spaces between wells are largely devoid of lipids. An image from a larger area of an array is shown in Figure S1a in the Supporting Information. While it is not straightforward to experimentally determine the exact number of vesicles per well, it is possible to determine the relative amount of lipid material occupying the wells by analyzing the distribution of fluorescence intensity. To determine the distribution of amount of lipid in each well, the fluorescence intensity from 5200 wells was determined, a histogram was constructed and then plotted against the deviation from the mean fluorescence intensity of all holes (Figure 2c ). Also plotted in Figure 2c is the distribution of surface area (determined by dynamic light scattering (DLS)) for vesicles free in solution after extrusion through 200 nm pores. DLS measures the distribution of vesicle diameter, which is transformed into surface It is important that no supported lipid bilayer forms over the array, and microarray wells are isolated from one another to prevent crosstalk of immobilized vesicles. To determine if membrane materials in the well arrays are isolated from one another, the immobilized vesicles in a 25 μm diameter area were photobleached. Two minutes after bleaching, another image taken showed that none of the fluorescence recovered, thus there is no lipid diffusion on the surface and the holes are indeed isolated (Figure 2d) . We repeated the process by photobleaching two individual 1 μm-diameter wells and the fluorescence did not recover after two minutes ( Figure S1b, Figure S2aÀc in the Supporting Information) However, when the microwell array is coated with SiO 2 , the vesicles spontaneously rupture and form a supported lipid bilayer, which is expected based on previous research. 35, 37 When a spot of the membrane on SiO 2 is photobleached, the fluorescence recovers in a fashion consistent with supported bilayer formation. (Figure S2d ,e in the Supporting Information) Therefore to successfully form arrays of isolated vesicles it is important to coat micro-and nanowell arrays with a material that does not facilitate spontaneous vesicle rupture.
Assembly of Natural Membrane Arrays and LigandÀReceptor Binding. A major advantage of this method of array formation is the ability to immobilize natural membranes that cannot be functionalized with recognition elements (e.g., biotin or DNA) or PEG. To demonstrate this capability, microarrays were formed with myelin and the lipid raft membrane fraction isolated from cortical neurons. Myelin is the lipid-rich material produced by oligodendrocytes that insulates axons to facilitate fast neuronal signal transduction in the nervous system. Lipid rafts are nanoscale membrane structures that are rich in cholesterol, sphingolipids, and glycosphingolipids, such as ganglioside GM1. 38 Many important cellular signaling pathways are dependent on lipid rafts, as they serve to transiently compartmentalize transmembrane proteins that are crucial for many cellular processes. 39 However, lipid rafts (and the proteins associated with them) are difficult to interface with traditional biosensors. Before applying the squeegee to form the membrane microarrays, the myelin and lipid rafts were uniformly distributed over the substrate surface. (Figure S3a ,b in the Supporting Information) Figure 3a shows a fluorescence micrograph of a myelin microarray stained with FM1-43. The field of view shows the edge of the microwell array, demonstrating that the nonarray areas are largely devoid of myelin due to removal by the squeegee. Figure 3b shows an FM1-43-stained microarray formed from the lipid raft fraction of membranes isolated from cortical neurons. The microarray has a high degree of uniformity and well occupancy approaching 100%. Line scans of the fluorescence intensity across a number of wells in Figure 3c show that there is some variability in the amount of material per well but very little lipid material between wells ( Figure S3c in the Supporting Information). 
ARTICLE
To quantify well occupancy for natural membrane microarrays, brightfield images of the microwells were compared to fluorescence images of the lipid that occupies the microwells. In many arrays occupancy approaching 100% was achieved. Occupancy is defined as the number of fluorescent spots divided by the number of microwells in a given area. Figure 3d shows a bright field and fluorescence overlay for a lipid raft microarray that has 100% well occupancy over an approximately 80 μm Â 80 μm area.
To demonstrate the functionality of the membrane microarrays for sensing ligand binding to membrane bound receptors, we immobilized lipid raft membranes and detected specific binding of the B-subunit of cholera toxin (CTX). Binding of CTX to the membranes of cells in vitro is a common marker for the location of lipid rafts since they are enriched in GM1 as shown in Figure 3e . Likewise, the lipid raft membrane fraction extracted from neurons should also be enriched in GM1 and strongly bind CTX. To investigate this, a microarray was formed using the lipid raft fraction isolated from cortical neurons then exposed to 10, 50, and 200 nM CTX conjugated to Alexa-488. Figure 3f shows a fluorescence image of the resulting array when lipid rafts were exposed to 50 nM CTX. CTX clearly binds to the lipid raft membranes that are immobilized in the microwells. To evaluate the response with different concentrations of CTX, we compared the responses for individual array spots from each of the three treatment groups (10, 50, 200 nM CTX). The intensity of each individual array spot was determined and the distributions of fluorescence intensities for the three concentrations were plotted in a histogram shown in Figure S4a ARTICLE CTX, between 2100 and 3200 individual array spots were analyzed, which makes for a large sample size and increased statistical power. As a negative control lipid rafts were exposed to 50 nM streptavidin-R-phycoerythrin (SAPE). Figure 3g shows that minimal SAPE binds to the array, indicating that there is little nonspecific binding.
Multicomponent Arrays for Immunofluorescence. To fully exploit the advantages of a microarray, multiple components can be immobilized in defined patterns. Thus we created three microarray stripes containing myelin and neuronal rafts and used immunofluorescence to identify the myelin. The myelin and neuronal raft membranes were delivered to the substrate via a PDMS microfluidic chip. Prior to injection, the natural membranes were incubated with FM1-43 to render them fluorescent. (Figure 4a ) After the myelin and rafts were adherent to the surface, the channels were flushed with PBS to remove weakly immobilized membrane particles. Then the microfluidic chip was detached from the substrate and the PDMS squeegee was employed to form stripes of arrays. The arrays were then incubated with mouse antioligodendrocyte marker O4 (IgM O4), an IgM antibody that binds to sulfatide, a major component of myelin but absent from neuronal lipid rafts. Figure 4b shows a low magnification image of the three stripes where the myelin arrays are labeled with fluorescently conjugated IgM O4. The array stripes, while not as sharply defined after the squeegee are clearly separated from each other. Also, there is no crosstalk between the channels after using the squeegee, indicating that the stripes could be formed much closer to each other. This would greatly increase the number of different membrane types that could be incorporated into a single array. The individual array spots are not visible at low magnification; however, when viewed with higher magnification the individual myelin array spots are clearly visible in Figure 4cÀe , due to IgM O4 binding to sulfatide in myelin. A similar experiment was carried out with fluorescently labeled phospholipid vesicles and can be seen in Figure S5 in the Supporting Information.
Nanoarrays and Surface Plasmon Resonance Sensing. While micrometer-scale wells allow us to form high-density arrays (1.3 Â 10 5 wells per mm 2 ), it would be ideal to maximize the number of discrete membrane units per unit area, while making sure that enough space is left between the wells for diffraction-limited resolution with optical microscopy. Thus we fabricated wells with nanometer-scale dimensions by nanoimprint lithography followed by ALD of Al 2 O 3 . By fabricating 200 nmdiameter wells with 600 nm periodicity we are able to form an array with 2.78 Â 10 6 wells per mm Figure 5a shows SEM images of the 80 nmdiameter nanowells and Figure 5b shows the resulting vesicle arrays formed from fluorescently labeled egg PC vesicles after using the PDMS squeegee. The vesicles immobilized in the nanoarrays were extruded to 100 nm in diameter, and the vesicles deform to fit into the cylindrical wells. The arrays show high occupancy with nearly all of the wells filled with vesicles. Whereas the well diameter is only 80 nm, the fluorescent spots arising from the nanoarray are approximately 400 nm across due to the optical diffraction limit; however, they are clearly Myelin particles were deposited on the gold surface and the PDMS squeegee was used to assemble nanoarrays as previously described. The transmission spectrum through the gold nanowell arrays was measured before myelin was placed on the surface, after myelin was deposited, after using the squeegee, after BSA blocking, and after exposure to SAPE and IgM O4. (Figure 5e ) After the vesicle arrays were blocked with BSA, they were incubated with 100 nM SAPE and the mean transmission spectrum peak position did not appreciably shift, meaning that SAPE did not bind to myelin. However, when the array was exposed to IgM O4 the spectra red-shifted 0.14 ( 0.05 nm (mean ( standard error of the mean). The mean spectral shifts after SAPE and IgM O4 exposure were determined to be significantly different (P = 0.03) using a one-tailed Wilcoxon matched-pairs signed rank test. (Figure 5f ) The full spectra can be seen in Figure S8a in the Supporting Information. Such a small shift is normally difficult to measure with nanohole SPR. However, it readily and reliably measured with our experimental apparatus. The standard deviation of the noise in the spectral measurements is 1.78 Â 10 À3 nm ( Figure S8b in the Supporting Information), meaning that a 0.14 nm shift has a signal-to-noise ratio of approximately 82. Fluorescence imaging after IgM O4 binding shows that the antibody binds primarily to the nanowell arrays where the myelin was immobilized.
( Figure S8c in the Supporting Information)
GENERAL DISCUSSION AND CONCLUSIONS
We have demonstrated a unique assembly method for forming micro-to nanoscale biomembrane arrays and used the resulting arrays for sensing. This array assembly method is amenable for use with natural membranes, demonstrated by the assembly of myelin and neuronal lipid raft microarrays. Furthermore, we showed that the natural membrane microarrays can be used for detection of GM1 via CTX binding and antibody recognition of cell-specific membrane antigens. By scaling down the well size and spacing, millions of discrete membrane spots can be formed per square millimeter. Additionally, by forming nanowell arrays in a gold film, label-free SPR biosensing can be carried out. Because of the high-throughput fabrication methods employed, large-scale arrays were made, each with over 170 million wells per array. These fabrication methods result in perfectly uniform well arrays that have well-defined long-range order and little sampleto-sample variability. This ensures that each sample has the same density of micro-and nanowells per unit area, unlike fabrication methods that result in the creation of random arrays. The uniformity of the arrays could simplify automated image analysis, compared to random arrays of nanowells. Also, increasing the density of discrete array elements increases the N for all measurements which increases statistical power.
Formation of microarray-type chips capable of incorporating living cells or natural cell membranes is possible but usually requires chemical patterning of the substrate or specialized cell culture techniques. 52 The Vogel group fractured cultured cells to form supported cell membrane sheets in vitro, 53 while other groups used microcontact printing followed by the rupture of erythrocyte ghosts to form arrays of natural membranes. 54 Arrays of intact bacterial cells for gene expression studies have been demonstrated, 55, 56 and fibroblast coculture has allowed the formation of stem cell arrays in microwells. 57 Tissue microarrays show promise, but these arrays have large spots sizes and are made from paraffin blocks, limiting their use with advanced analytical methods. 58 The assembly method presented here allows facile formation of natural membrane arrays without the need to culture cells on the substrate and without postfabrication chemical modification of the substrate surface. Because no modification steps are necessary, it is possible to form natural membrane arrays for sensing and screening in 30 min or less. Virtually any membrane-bound compartment, ranging from reconstituted proteoliposomes to organelles and secretory vesicles could be assembled into arrays with this method. This would facilitate investigation of numerous binding interactions not currently accessible with standard microarray technology, as wells as interrogation of analytical biochemistry down to the single organelle level.
ARTICLE
The nanofabricated well arrays used in this work have a great deal of design flexibility and could be interrogated with analytical methods beyond fluorescence imaging and SPR, such as spectroscopic imaging 59 or imaging mass spectrometry. 60 Matrixassisted laser desorption/ionization (MALDI) mass spectrometry is a powerful tool for protein analysis, but usually requires the addition of a matrix for successful sample ionization. However, matrix-free MALDI techniques, such as desorption/ionization on silicon (DIOS) 61 or recently developed methods like nanostructure-initiator mass spectrometry 62 could be used with these arrays for proteomic studies of membranebound proteins. Implementation of MALDI imaging methods could make this approach very powerful and increase throughput. 63 Alternatively, secondary ion mass spectrometry (SIMS) methods could be employed for lipid profiling and chemical imaging with high spatial resolution. 64À66 We envision the method to be compatible with assembly of micro-and nanoarrays composed of many different types of natural membranes and membrane-bound structures for screening molecular interactions with the potential for use as a drug discovery tool.
METHODS
Fabrication of Nanowell and Microwell Substrates. Nanowell arrays were prepared using nanoimprint lithography. The silicon nanoimprint stamp (LightSmyth Technologies) had circular 2-dimensional posts with 195 nm diameter, 350 nm depth, and 600 nm periodicity. The surface of nanoimprint stamp was coated by (heptadecafluoro-1,1,2,2-tetrahydrodecyl)trichlorosilane, obtained from Gelest Inc. (Morrisville, PA), to facilitate separation from the imprinted samples. A 100 nm-thick thermal oxide layer was first grown on the silicon wafers by wet oxidation at 1100°C for 11 min. The silicon wafers were spin-coated by a NXR-1025 nanoimprint thermal resist (Nanonex Corp., NJ) and cured at 150°C for 1 min. The resist-coated silicon wafers were imprinted by the nanoimprint stamp with a pressure of 300 psi for 2 min at 130°C. After oxygen plasma ashing for 30 s with 2 sccm of O 2 at 50 W to remove residual resist, the thermal oxide layer was etched by reactive ion etching (RIE, STS model 320) with CF 4 and Ar gases at 100 W for 4 min with the resist as an etching mask. After removing the resist with oxygen plasma ashing, approximately 300-nm-deep circular nanoarrays were made into the silicon by a deep trench silicon etcher (Plasma Therm SLR-770) with the patterned oxide as an etching mask. After removing the oxide in buffered oxide etchant (BOE), the nanoarray samples were cleaned by 1:1 mixed solution of sulfuric acid and hydrogen peroxide for 10 min. The nanowell diameter was 200 nm before deposition of Al 2 O 3 . The nanowell surface was covered by a conformal Al 2 O 3 layer deposited by atomic layer deposition (ALD) at 250°C. The deposition rate was about 1.1 Å/cycle. The Al 2 O 3 layer not only prevents vesicle rupture, but also reduces the nanowell diameter as desired. In the experiments, 180 and 80 nm-diameter nanowells were prepared by depositing 15 and 65 nm Al 2 O 3 , respectively.
The microwell arrays were prepared using photolithography. The same silicon wafers as for the nanowells with a 100 nmthick thermal oxide were spin-coated with MEGAPOSIT SPR-955 photoresist (Rohm and Haas) and exposed with an i-line stepper (Canon 2500 i3) using a mask with 5 μm holes in a hexagonal array with periodicity 15 μm over a 10 mm Â10 mm area which was reduced 5Â giving 1 μm holes over a 2 mm Â2 mm area and stepped across an entire wafer with 5 mm steps. The wafer was developed for 90 s in MF CD 26 (Rohm and Haas) using a CEE 200X (Brewer Science) spray developer. Using the resist as an etch mask, the thermal oxide layer was etched using RIE (STS model 320) with CF 4 and Ar gases at 100 W for 6 min. The silicon was etched in a deep trench silicon etcher (Plasma Therm SLR-770) using the oxide and resist as a mask. The microwells were soaked in acetone for 5 min to remove the resist, cleaned in a 1:1 mixed solution of sulfuric acid and hydrogen peroxide for 5 min, and had the oxide mask removed in a BOE bath. Then, the microwell surface was covered with a 10 nm thick layer of Al 2 O 3 using the same ALD procedure as for the nanowells.
Fabrication of Gold Nanowell Arrays for Surface Plasmon Resonance. Glass slides were sequentially cleaned by sonication in acetone, methanol, isopropyl alcohol, and deionized water for 5 min each. The glass surface was then coated by a 10-nm-thick layer of Al 2 O 3 using the same ALD procedures as for the micro-and nanowells. A 200 nm-thick Au film with a 5 nm-thick Cr adhesion layer was deposited on the Al 2 O 3 -coated glass slides using an electron-beam evaporator (CHA, SEC600). Nanowell arrays with 200 nm hole size and 400 nm periodicity were patterned with focused ion beam (FIB) milling using 30 keV and 100 pA ion beam (FEI Dual Beam Quanta 200 3D). This resulted in gold nanowells where the bottom of the wells was covered with Al 2 O 3 .
Phospholipid Vesicle Formation. Vesicles were formed by first evaporating chloroform solvent from lipid solutions containing Egg PC and 1% (w/w) 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl, ammonium salt (Rho-PE) or 1% (w/w) 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl), ammonium salt (NBD-PE). All lipids were obtained from Avanti Polar Lipids and used as received. Evaporation of chloroform was carried out over at least 6 h under vacuum. The dry lipid film was rehydrated with Tris buffer (100 mM NaCl, 10 mM Tris, 1 mM EDTA) to a total lipid concentration of 1 mg/mL and refrigerated overnight. The following day, the rehydrated vesicles were vortex mixed for 10 s then sonicated for 15 min in a room temperature water bath. Prior to exposure to the micro-and nanohole substrates, vesicles were extruded with 21 passes through polycarbonate filters with 200 or 100 nm pore sizes using an Avanti Mini-Extruder.
Myelin Isolation. Myelin was isolated from SJL/J mouse whole brain according to established procedures. 67 Myelin quality was determined by Western blotting for the presence of MAG, MOG, PLP, CNP, and MBP, and via the binding of well-characterized antimyelin lipid antibodies by direct ELISA.
Neuronal Lipid Raft Isolation. Neuron membranes were isolated using floatation ultracentrifugation in noncontinuous sucrose gradient. DIV7 cortical neurons were lysed in ice-cold lysis buffer (50 mM Tris HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100 and protease inhibitor cocktail) for 30 min. The neuronal lysates were mixed with an equal volume of 100% (w/v) sucrose. The mixture was transferred to a centrifuge tube, and 8 mL of 35% sucrose and 3.5 mL of 5% sucrose were overlaid sequentially. After centrifugation at 2 Â 10 5 g for 20 h at 4°C, six fractions (2 mL of each) were collected from the top of the gradient. Each fraction and the pellet were dissolved in SDSsample buffer and subjected to Western blotting for the presence of caveolin-1, a marker of the membrane raft fraction which was fraction two of six.
Assembly of Phospholipid Vesicle Arrays. Solutions of extruded vesicles (total lipid concentration: 0.1 mg/mL) were placed on the array substrate and the vesicles were allowed to settle to the surface for 30 min. The substrate was thoroughly rinsed with Tris buffer to remove excess vesicles and immersed in a shallow dish containing Tris buffer. The assembly process involved sliding a PDMS "squeegee" (approximate dimensions: ARTICLE 25 mm Â25 mm Â5 mm) in firm contact with the submerged substrate surface at least 10 times to remove vesicles that were not adhered in the recessed wells of the substrate. After passing the squeegee at least 10 times over the array substrate, the surface was washed again with Tris buffer and then kept wet until imaging.
Assembly of Myelin and Lipid Raft Arrays. Suspensions of myelin and lipid raft membranes were diluted in PBS. After dilution, the suspensions were subjected to three 15 min rounds of sonication at room temperature to decrease the lipid particle size. Dynamic light scattering of the myelin particles after each round of sonication showed that the mean particle size decreases from 3.37 μm before sonication to 220 nm after the third round of sonication. (Figure S9 in the Supporting Information) The sonicated suspensions were placed on the microwell array substrates for 30 min to allow the particles to settle to the surface. After 30 min the substrate with natural lipids was washed with PBS then submerged in a shallow dish containing PBS. The PDMS squeegee was passed over the substrates at least 10 times, then the substrates were again washed with PBS. The membranes in the array were stained by adding 10 μM FM1-43 (Invitrogen) to the solution.
Ganglioside GM1-Cholera Toxin Binding Assays. For CTX binding assays on natural membranes, lipid raft microarrays were prepared as described above, but without FM1-43 staining. After array formation, the surface was blocked with 1 mg/mL BSA in PBS for 30 min. The blocked samples were incubated with 10, 50, or 200 nM Alexa-488 conjugated CTX (Invitrogen) for 30 min then washed thoroughly with PBS. For the negative control, a lipid raft microarray was blocked with BSA incubated with 50 nM streptavidin-R-phycoerythrin (SAPE, Invitrogen) for 30 min, followed by washing and staining with FM1-43 to confirm that lipids were present in the array in the event that SAPE did not bind.
Formation of Multicomponent Microarrays. For multicomponent microarrays the myelin and lipid raft particles were stained with 10 μM FM1-43 then injected into PDMS microfluidic channels under the control of a syringe pump. The PDMS microfluidic was prepared by standard soft lithography methods and had channels that were 250 μm wide. After filling the channels with natural membrane particles, the solution flow was slowed to 3 μL/h for 30 min to allow the particles to settle on the surface. After 30 min, the channels were washed with PBS, and the microfluidic chip was removed from the substrate while submerged in PBS. The PDMS squeegee was translated across the substrate 10 times in a direction that was parallel to the channel direction to form microarray stripes containing natural membrane components. The microarray stripes were then blocked by incubating the stripes with 5 mg/mL BSA for 30 min. The stripes were exposed to IgM O4 diluted in PBS. IgM O4 conjugated to NorthernLights 557 fluorophore was supplied as a 10Â solution (R & D Systems, Inc.) and diluted to 1Â according to the manufacturer's protocol for immunofluorescence assays.
Dynamic Light Scattering of Vesicles and Myelin Particles. Phospholipid vesicles for DLS were prepared and extruded as described above. The vesicles were diluted to a total lipid concentration of 0.05 mg/mL in Tris buffer and then analyzed with a Brookhaven Instruments 90Plus/BI-MAS particle size analyzer. The extracted myelin (1 mg/mL in PBS) was diluted to 0.1 mg/mL in PBS and subjected to 1, 2, or 3 15-min cycles of sonication in a bath sonicator at room temperature. A control sample was not subjected to sonication. The resulting particle solutions were analyzed with a Brookhaven Instruments 90Plus/BI-MAS particle size analyzer.
Micro-and Nanoarray Imaging. Arrays were imaged with one of two microscopy systems depending on desired image resolution. For routine imaging a Nikon Eclipse LV100 upright microscope with a tungsten-halogen light source and a 50Â objective (0.55 NA) and a Photometics CoolSNAP HQ2 CCD camera was used. Images were captured with Photometrics Voodoo Incantation 1.2 software. For high-resolution imaging of nanoarrays and photobleaching experiments an Olympus FV1000 upright confocal system with a 60Â water immersion objective (0.9 NA) was employed. Images were analyzed and colorized using ImageJ software, version 1.44j.
Surface Plasmon Resonance Measurements. Prior to myelin addition and array assembly, the optical transmission spectra were measured for 5 arrays immersed in PBS. Myelin microarrays were formed in gold nanowell arrays in a manner similar to the formation of myelin microarrays. The arrays were blocked with 5 mg/mL BSA and then exposed to 50 nM SAPE for 30 min. The transmission spectra through five arrays were then recorded. The arrays were exposed to NorthernLights 557-labeled IgM O4 (diluted to 1Â according to manufacturer's protocol) for 30 min. The transmission spectra through the same five arrays were collected again. The transmission spectra were acquired using a Nikon LV100 upright microscope with a tungsten-halogen light source and a 50Â objective with NA = 0.55. The transmitted light was collected with an optical fiber (200 μm core), and the spectra were analyzed with an Ocean Optics fiber optic spectrometer.
Data Analysis and Statistics. All data plotting, curve fitting, and statistical analyses were carried out using GraphPad Prism version 5.04. (GraphPad Software, Inc.) The mean SPR spectra shifts for five separate SAPE and IgM O4 binding experiments were compared using a one-tailed Wilcoxon matched-pairs signed rank test. This nonparametric test was chosen because the normality of the data was unknown due to the small sample size. For each experiment the spectra were measured on a given array after SAPE and after IgM O4 incubations, hence a matched-pairs test was employed. A one-tailed version of this test was chosen because the peak position should either remain constant or redshift due to binding (i.e., the peak position moves in the positive direction). A negative deviation from the prebinding peak position is not expected so a one-tailed test is appropriate.
The FRAP data points in Supporting Information Figure S2e represent the average recovery curve for three replicate photobleaching experiments. The error bars associated with the individual data points were the standard deviations of each data point for the three replicate experiments. The FRAP recovery curves were fit to a single exponential curve to determine the time at which 50% recovery had occurred (t 50 ). The diffusion coefficient (D) was calculated by the equation D = R 2 /4t 50 , where R is the radius of the photobleached spot. 68 Myelin particle diameter distributions determined by DLS ( Figure S9 in the Supporting Information) were fit to log Gaussian curves to determine the center of the distribution and the standard error of the center.
